. Microvascular dilation in response to occlusion: a coordinating role for conducted vasomotor responses. Am J Physiol Heart Circ Physiol 279: H279-H284, 2000.-In rat cremasteric microcirculation, mechanical occlusion of one branch of an arteriolar bifurcation causes an increase in flow and vasodilation of the unoccluded daughter branch. This dilation has been attributed to the operation of a shear stressdependent mechanism in the microcirculation. Instead of or in addition to this, we hypothesized that the dilation observed during occlusion is the result of a conducted signal originating distal to the occlusion. To test this hypothesis, we blocked the ascending spread of conducted vasomotor responses by damaging the smooth muscle and endothelial cells in a 200-m segment of second-or third-order arterioles. We found that a conduction blockade eliminated or diminished the occlusion-associated increase in flow through the unoccluded branch and abolished or strongly attenuated the vasodilatory response in both vessels at the branch. We also noted that vasodilations induced by ACh (10 Ϫ4 M, 0.6 s) spread to, but not beyond, the area of damage. Taken together, these data provide strong evidence that conducted vasomotor responses have an important role in coordinating blood flow in response to an arteriolar occlusion. gap junctions; flow dependent; arteriole; acetylcholine; ischemia THE ROLE PLAYED BY SHEAR STRESS in modulating arteriolar tone in situ has not been fully established. It has been shown that increases in flow (and shear stress) induced in one limb of an arteriolar bifurcation by mechanical occlusion of the sister branch cause dilation of the unoccluded branch (4, 13). This dilation has been attributed to the elevated wall shear stress. However, a more detailed analysis of the parallel occlusion model, including examination of the behavior of both parent and unoccluded daughter vessels, led us to hypothesize that tissue ischemia and/or reduced pressure distal to the site of occlusion may have played a key role in inducing the vasodilation (18). We proposed that the signal for vasodilation spreads upstream from the more distal arteriolar segments exposed to regions of ischemia into both the feed vessel and the sister branch arteriole.
THE ROLE PLAYED BY SHEAR STRESS in modulating arteriolar tone in situ has not been fully established. It has been shown that increases in flow (and shear stress) induced in one limb of an arteriolar bifurcation by mechanical occlusion of the sister branch cause dilation of the unoccluded branch (4, 13) . This dilation has been attributed to the elevated wall shear stress. However, a more detailed analysis of the parallel occlusion model, including examination of the behavior of both parent and unoccluded daughter vessels, led us to hypothesize that tissue ischemia and/or reduced pressure distal to the site of occlusion may have played a key role in inducing the vasodilation (18) . We proposed that the signal for vasodilation spreads upstream from the more distal arteriolar segments exposed to regions of ischemia into both the feed vessel and the sister branch arteriole.
We, along with others, have shown the presence of a conduction process in the wall of an arteriole that is capable of inducing vasodilation in segments far away from a site of application of an agonist. This occurs both in vitro (7, 8) and in vivo (5, 9, 16, 20, 21) . The distant mechanical responses observed in the arterioles are preceded by changes in membrane potential (7) , supporting the proposal that the signal responsible for the responses is current being conducted between cells of the vessel wall, probably through gap junctions (20, 24, 25) .
In the present study, we have investigated a possible role for conducted vasomotion in the dilator responses observed in vessels at a bifurcation. To distinguish between the contributions induced by shear stress and those associated with conduction, we have produced localized blockade of the spread of conducted vasodilation between the sites of stimulation and observation.
METHODS

Animal Preparation
The University of Virginia Animal Care and Use Committee approved the procedures and protocols used in this study. Male Sprague-Dawley rats (181.0 Ϯ 4.7 g, n ϭ 21; Charles River) were prepared for in situ examination of the cremaster microvasculature. Each animal was anesthetized with pentobarbital sodium (80-100 mg/kg ip), and body temperature was maintained at 36.5-37.5°C by radiative and conductive heating. A tracheostomy tube was placed, and the animal breathed room air spontaneously during the course of the experiment. The left femoral vein was cannulated for administration of fluid and anesthesia. The cremaster to be studied was exposed, opened, and cleared of connective tissue (1). Each preparation was then mounted on the stage of a microscope (Nikon), and arterioles were observed with a ϫ50 objective (Leitz UMK, numerical aperture ϭ 0.6). Intravenous anesthesia (10 mg/ml pentobarbital sodium in normal saline, at 0.5 ml/h) was infused continuously during the remainder of the experiment. The tissue preparation was superfused at 5-6 ml/min with a modified Ringer bicarbonate solution (pH 7.36-7.44) containing (in mM) 132 NaCl, 4.7 KCl, 2.0 CaCl 2 , 1.2 MgSO 4 , and 20 NaHCO 3 . The superfusate was warmed to 33.5-34.5°C and equilibrated by continuous bubbling with 5% CO 2 -95% N 2 .
Measurements
Second-and third-order arterioles were selected because these have been the subject of prior investigation and they provide the branching structure and length necessary to execute these experiments. The image of a selected arteriolar segment was picked up by a video camera (Dage-MTI 68), displayed on a video monitor (Dage-MTI), and recorded for off-line analysis (Panasonic, PV-S4480). Centerline red blood cell (RBC) velocity in the arterioles was measured using an optical Doppler velocimeter (Microcirculation Research Institute, Texas A&M; see Ref.
2), which was calibrated over the range 1-20 mm/s using a smear of RBCs on a glass disk rotating at known velocities. Measurements of luminal diameter were made off-line using a video caliper (Microcirculation Research Institute, Texas A&M), which was calibrated using a stage micrometer (100 ϫ 0.01 ϭ 1 mm; Graticules). RBC velocity and video caliper voltages were sampled at 6 Hz by an analog-to-digital board, and the data were processed and stored with data acquisition software (DI-190, Dataq). Maximal diameters were determined after application of 10 Ϫ4 M ACh. Flow (Q) was calculated using the formula Q ϭ VA, where V is RBC mean velocity [centerline RBC velocity (mm/s) /1.6] and A is area of the vessel (cm 2 ). Shear stress () was calculated using the formula ϭ 4Q/(r 3 ), where is viscosity of blood (0.04 dyn ⅐ s ⅐ cm Ϫ2 ), Q is blood flow (cm 3 /), and r is radius (cm).
Conduction Blockade
A conduction blockade was achieved by producing localized damage to smooth muscle and endothelial cells in a small arteriolar segment (ϳ200 m). A glass micropipette (firepolished, 30-m tip) was pressed on the vessel surface and dragged back and forth until both smooth muscle and endothelial cells over a 200-to 300-m arteriolar segment were permeabilized. Cell damage and permeability were assessed using circulating propidium iodide (2 g/ml), a dye that enters damaged cells and fluoresces only when bound to DNA. The pipette application was continued until nuclei of both longitudinally and radially arranged cells within the vessel wall (i.e., endothelial and smooth muscle cells) were clearly labeled. After treatment, a recovery period of 30-60 min was allowed to clear thrombi and allow restoration of arteriolar tone.
Arterioles with resting diameters 60-80% of maximal diameter were considered suitable for study. The small, damaged segment of arteriole remained fully dilated and created a bulge that was readily distinguishable from undamaged segments.
Treatments
We utilized two maneuvers to elicit an increase in flow through an arteriole: occlusion of one of a pair of vessels at a branch and microapplication of ACh to a downstream site (Fig. 1, A and B) .
Arteriolar occlusion. Arteriolar occlusion was performed by applying a glass pipette occluder (tip diameter 5-10 m) to an arteriolar bifurcation to produce an occlusion (18) . The occluding pipette was positioned over one arteriole of the branched pair, 100-300 m distal to the bifurcation (Fig.  1A ). Regions were selected with no branches between the bifurcation and occlusion pipette and no large branches for at least 500 m downstream from the pipette. This selection was implemented to maximize the extent of downstream ischemia during an occlusion. In the unoccluded sister branch, measurements of both RBC velocity and diameter were made at a site 100-200 m distal to the bifurcation (Fig. 1A , observation area). This distance was chosen because it was close enough to the branch to allow observation of both the occluded and unoccluded branches simultaneously but was far enough away to allow development of a stable flow profile distal to the branch.
To test our hypothesis that the signal for dilation originated from tissue distal to the occlusion, we produced occlusions before and after the conduction blockade in a segment of arteriole distal to the occlusion pipette (Fig. 1A) .
Downstream dilation. In an attempt to dissociate the myogenic effects, metabolic-dependent effects, and flow-depen- A: glass occlusion pipette was used to terminate flow through one branch at an arteriolar bifurcation. Conduction blockade was achieved by damaging a segment of arteriole 200-400 m distal to the site of occlusion. Hemodynamic responses were measured in the unoccluded branch (observation area, shaded circle). B: ACh was pressurepulse ejected onto a short segment of arteriole distal to the site of conduction blockade (Ͼ1,000 m, see Table 1 for distances). Hemodynamic responses were measured 100 m distal and 500 m proximal to the site of damage (shaded circles). dent effects arising from occlusion of an arteriole, we devised a method similar to that used by Kurjiaka and Segal (16) to increase flow through an arteriole. A conducted vasodilatory response was induced by applying ACh to a short arteriolar segment 1,000 m or more downstream from a point of disrupted conduction. A stimulating micropipette (tip diameter 5 m) was positioned within 10 m of the vessel wall, and ACh (10 Ϫ4 M, 0.6 s) was pressure ejected (Picospritzer, General Valve) onto a small segment of the vessel, causing bidirectional conducted vasodilation. Changes in hemodynamics were measured at two sites, 100 m downstream and 500 m upstream from the area of conduction blockade (Fig.  1B, observation areas) . A separate stimulus was applied for measurements at each site. In these experiments the gas mixture was changed from the control (5% CO 2 -95% N 2 ) to 10% O 2 -5% CO 2 -85% N 2 to increase tone downstream from the area of vessel damage.
Statistics
Each data point is the average of two sequential responses at the same arteriolar location. Summary data are presented as means Ϯ SE from the number of animals indicated by n. In each set of experiments, Student's t-test for paired samples was used to compare groups, with P Ͻ 0.05 denoting significance. All statistical comparisons were performed with SigmaStat (Jandel Scientific).
RESULTS
Conduction Blockade
Propidium iodide uptake showed that damage to the arteriole remained focal (ϳ200 m), and this corresponded to an area without vasomotor tone. No damage to the parenchymal cells was noted. The damaged segment was greater than the length of one endothelial cell and was the width of ϳ20 smooth muscle cells (11) . Thus it must have disrupted the possibility for intercellular connections between undamaged cells. Regions immediately upstream and downstream developed tone in response to elevated superfusion solution PO 2 , and both regions dilated in response to topically applied ACh (Table 1 ). The diameters, flows, and shear stresses were similar proximal and distal to the site of blockade (see Table 4 ). Conduction blockade was confirmed by applying ACh (10 Ϫ4 M, 0.6 s) downstream of the damage site. In each experiment, vasodilation spread up to, but not beyond, the area of blockade (Fig. 2) .
Arteriolar Occlusion
Occlusion of one branch at a bifurcation caused a very rapid vasodilation (within 2 s) in both the feed (data not shown, see Ref. 18 ) and the unoccluded branch. Flow increased through the unoccluded branch (Fig. 3, control) . The increase in flow occurred in the face of reduction in both RBC velocity (Fig. 3,  top) and in the estimated shear stress (Fig. 3, bottom) . Conduction blockade in the branch that had previously been occluded (Fig. 1A) caused a slight decrease in preocclusion RBC velocity and an increase in diameter in the unoccluded (and undamaged) branch but did not significantly alter resting flow (Table 2) . Under these conditions, occlusion of the damaged branch did not lead to dilation in the unoccluded branch, despite a rapid increase in RBC velocity, flow, and shear stress (Fig. 3) . In all experiments, resting hemodynamics were restored within 20 s after the occlusion pipette was lifted. It is noteworthy that the feed vessel and occluded branch vessel dilated simultaneously with the unoccluded branch (data not shown, see Ref. 18) .
To establish the nature of the signal causing the vasodilation under control conditions and to link our findings to previous reports (15), we used blockers of synthesis of prostaglandin (indomethacin, 10 Ϫ5 M, Sigma) and nitric oxide [N -nitro-L-arginine methyl ester (L-NAME), 10 Ϫ5 M, Sigma]. When added to the superfusate, both blockers increased tone (Table 3) , but neither blocked the dilation in response to arteriolar occlusion, either when added alone (Fig. 4) or in combination (data not shown). The concentrations of indomethacin and L-NAME were effective in attenuating arachadonic acid-mediated vasoconstriction (10 Ϫ5 M, 0.5 s, n ϭ 7; Nu-Chek-Prep) and ACh-mediated vasodilation (10 Ϫ4 M, 0.1 s, n ϭ 4), respectively. L-NAME had no effect on the vasodilation stimulated by sodium nitroprusside (10 Ϫ5 M, 0.1 s, n ϭ 4; Sigma; data not shown). Values are means Ϯ SE for n ϭ 7 arterioles. Arteriole diameter was measured both distally (downstream) and proximally (upstream) to the site of damage (see Fig. 1B) . A stimulating micropipette was used to pressure eject ACh (10 Ϫ4 M, 0.6 s, 1,340 Ϯ 411 m downstream from site of damage) onto a small segment of the vessel and initiate conducted vasodilation. Maximum diameter was determined by topical application of ACh (10 Ϫ4 M). Table 1 (n ϭ 7). *Significant change in diameter (P Ͻ 0.05, ANOVA).
Downstream Dilation
As shown in Fig. 2 , ACh initiated a vasodilation that spread up to, but not beyond, the damaged segment of arteriole. The response propagated bidirectionally, and thus the arterioles dilated over at least twice the distance from the stimulating pipette to the region of blockade. The ACh stimulating pipette was located 1,340 Ϯ 411 m (n ϭ 7) downstream from the site of damage, and, as a result, a total segment of well over 2 mm of arteriole should have dilated (21) . The associated fall in arteriolar resistance almost doubled the flow in the arteriole (Fig. 5 ). After stimulation with ACh, the increase in flow upstream from the site of damage was associated mainly with an increase in RBC velocity rather than an increase in diameter. Both RBC velocity and shear stress rapidly increased by ϳ35%; however, detectable vasodilation was only observed after 5-10 s of stimulation, much slower than the control, where rapid dilation was observed after 1-2 s of ACh application (Fig. 5, downstream vs. upstream). The magnitude of dilation was markedly attenuated relative to the downstream site (Figs. 2 and  5 ).
DISCUSSION
Occlusion of one vessel at an arteriolar bifurcation causes a dilation of the unoccluded daughter arteriole. The dilation of the unoccluded vessel is associated with an increase in flow and has been interpreted as being the result of a shear-dependent stimulus (13, 14, 23 ). Here we report that conducted vasomotor responses make a major contribution to the dilation observed during the parallel occlusion maneuver. By preventing an ascending conducted vasomotor response from reaching the bifurcation, we could severely attenuate or block dilations in the unoccluded daughter, the proximal segment of the occluded branch (Fig. 3) , or the parent vessel (data not shown). We also demonstrated a role for ascending vasodilation in modifying wall shear stress and diameter changes, using ACh as an agonist to mimic factors that trigger the ascending dilation during occlusion (Fig. 5) .
Previously we proposed (18) that the origin of the vasodilation is distal to the occlusion pipette and that the proximal response occurs very rapidly. In this report, this was tested by selectively preventing the spread of any conducted vasomotor response upstream of a point of focal arteriolar damage. After damage and elimination of conduction, occlusion of the daughter vessel continued to cause an increase in wall shear stress in the unoccluded parallel daughter vessel, but vasodilation was largely abolished (Fig. 3) .
Our data show that increases in flow or shear stress do not necessarily cause vasodilation in the microcirculation (Fig. 5) . ACh caused an increase in flow through the arteriole (Fig. 5 ) without significant dilation as previously reported by Kurjiaka and Segal (16) . These authors found that ACh stimulated local and conducted vasodilation associated with a decrease in RBC velocity at all observation sites along the arteriole. Here we show that focal damage to the arteriole Values are means Ϯ SE of 20-s averages obtained immediately before arteriolar occlusion. L-NAME, N -nitro-L-arginine methyl ester. * Significant difference from control values (P Ͻ 0.05). Table 2 . The vertical lines correspond to the period of occlusion (2 min from time t ϭ 0 s). *Significant difference (P Ͻ 0.05). Values are means Ϯ SE of 20-s averages obtained immediately before arteriolar occlusion (see Fig. 1A ). * Significant difference from control values (P Ͻ 0.05).
can largely block the parallel rise in diameter and wall shear stress.
One caveat in the interpretation of our data is that conduction blockade was associated with a substantial reduction in the control wall shear stress (Table 2 ), a change that may have influenced the contribution of wall shear stress to the vasodilation that we observed. This fact is particularly important to keep in mind, because a recent study has employed increases in plasma viscosity to increase wall shear stress, rather than microvessel occlusion (6) . Increases in shear stress were associated with a vasodilation that was sensitive to blockade of NO synthesis and was attributed to changes in wall shear stress (6) . It is likely that changes in pressure and flow would have been different in this model from those that occur during occlusion. Furthermore, it is important to note that the effect of an occlusion would depend heavily on the degree to which the ischemic region was supplied by inflow from other vessels, including the unoccluded daughter vessel. These facts make it important to retain the idea that wall shear stress and conduction may act jointly to modulate arteriolar diameter.
The ascending vasodilatation that we observed was likely triggered by reduced intravascular pressure or factors related to tissue ischemia in regions downstream from the point of occlusion (18) . Previous microelectrode measurements of periarteriolar PO 2 revealed that cessation of blood flow for periods as short as 1-2 s caused vasodilation and a reduction in periarteriolar PO 2 at sites distal to the occlusion pipette (17) . The dilation was observed both upstream and downstream from the occlusion pipette. As the duration of occlusion was increased, further increases in diameter and decreases in perivascular PO 2 were observed, suggesting a metabolic contribution to the dilation (17) . In the arteriolar occlusion experiments presented here (Fig. 3) , we propose that a similar process occurred. Furthermore, because the dilation spread through the point of occlusion into the bifurcation, a conducted vasomotor response is most likely to have been involved (18) .
The identity of the signal for vasodilation has not been established in this study. In contrast to previous reports (15) , the contribution by prostaglandins appears to have been small. Both of the blockers we used, indomethacin and L-NAME, caused an increase in tone when applied in the superfusion solution, suggesting a continuous release of nitric oxide and prostaglandins in the rat cremaster. Neither blocker, either alone (Fig.  4 ) or in combination (data not shown), blocked the Table 4 (n ϭ 7 arterioles). Upstream, 500 m proximal to damage; downstream, 100 m distal to damage. *Significant difference (P Ͻ 0.05). Values are means Ϯ SE of 20-s averages obtained immediately before application of ACh (see Fig. 1B) . Upstream, 500 m proximal to damage; downstream, 100 m distal to damage. dilation in response to arteriolar occlusion. Alternative signaling molecules include the release of a hyperpolarizing factor in response to hypoxia (22) or decreases in the formation of the vasoconstrictor 20-hydroxy-6,8,11,14-eicosatetraenoic acid (12) , among others (see Refs. 3 and 10).
It should be noted that the measurement of flow in the microcirculation has several inherent limitations. As previously reported, there is some undetermined inaccuracy in the diameter and/or RBC velocity measurement (19) . Because we selected unbranched segments of the arterioles for study, the changes in flow must have been equal at the two upstream and downstream observation sites. This was not measured however (Fig. 5) . When faced with similar results, Proctor et al. (19) suggested that the uncertainty lay more with the diameter measurement, especially in constricted vessels. Because the diameters remained relatively constant during arteriolar occlusion after conduction blockade (Fig. 3 ) and at the upstream site following stimulation with ACh (Fig. 5) , the values for percent changes in RBC velocity, flow, and shear stress are likely to be more accurate, and these form the basis of our conclusions.
In summary, we propose that conducted vasomotor responses are important in coordinating blood flow with tissue metabolic demand. Arteriolar occlusion induces a signal downstream from the point of occlusion that is conducted upstream to encompass the unoccluded branch as well as the feed arteriole. This severely compromises one's ability to assess the contribution of wall shear stress to the vasomotor response. The identity of the signal is the subject of ongoing work, but, most likely, altered vascular perfusion or pressure causes hyperpolarization of the arteriole that spreads along the vessel length.
